One sentence summary: Higher diversity of anammox bacteria in deep-sea surface sediments of the South China Sea than previously reported.
INTRODUCTION
Anaerobic ammonium oxidation (anammox) is a microbedriven biochemical process which couples the oxidization of NH 4 + with NO 2 − as an electron acceptor to yield N 2 gas. The feasibility of the anammox biochemical process, first predicted by the physical chemist Engelbert Broda (Broda 1977) , was demonstrated in a denitrifying bioreactor in the Netherlands (Mulder et al. 1995) . Anammox bacteria belong to the monophyletic order of Candidatus Brocadiales of the phylum Planctomycetes (Jetten et al. 2010) . To date, five genera of anammox bacteria have been described: Ca. Brocadia (Strous et al. 1999; Kartal et al. 2008) , Ca. Jettenia (Quan et al. 2008) , Ca. Kuenenia (Schmid et al. 2000) , Ca. Anammoxoglobus (Kartal et al. 2007) and Ca. Scalindua (Schmid et al. 2003; Kuypers et al. 2005) .
Following their discovery and enrichment in bioreactors, the ecophysiology and biochemistry of anammox bacteria have increasingly attracted the attention of research scientists including microbiologists, biochemists and geochemists. Evidence of the anammox process in various natural ecosystems in oceans, as well as on land, is accumulating (Dalsgaard & Bo 2002; Dalsgaard et al. 2003; Kuypers et al. 2003; Zhu et al. 2011; Hong et al. 2011a; Hong et al. 2011b; Hu et al. 2012; Li et al. 2013a; Hou et al. 2014; Wang et al. 2015) . Genus-specific habitats of anammox bacteria have also been reported in previous studies. Schmid et al. (2007) reported that Ca. Scalindua was exclusively found in marine environments, an observation that was further ascertained in the South Atlantic (Woebken et al. 2007 ), Arabian Sea (Bulow et al. 2010; Pitcher et al. 2011; Laura et al. 2014) , Barents Sea (Gihring et al. 2010) , South China Sea (Hong et al. 2011a; Li et al. 2013a) , Equatorial Western Pacific (Hong et al. 2011b) and North Sea (Bale et al. 2014) . Widespread occurrence yet low diversity of anammox bacteria in marine environments has also been reported (Schmid et al. 2007) . Dang et al. (2013) observed that salinity was negatively correlated with Ca. Scalindua diversity in Bohai Sea sediments. However, anthropogenic impact was also identified as a key factor affecting the community composition of anammox bacteria (Han & Gu, 2015) . Overall diversity of anammox bacteria in saline environments was found to be low by an analysis of over 6000 anammox 16S rRNA gene sequences in GenBank (Sonthiphand et al. 2014) . However, the data generated by planctomycete-specific 16S rRNA gene clone libraries or fluorescence in situ hybridization may be inadequate to draw overall conclusions regarding the diversity and distribution of anammox bacteria in marine ecosystems. Thus, we propose that other genera of anammox bacteria that exhibit lower abundance (except Ca. Scalindua) may have been neglected as result of analyses involving limited sequencing depths.
The South China Sea (SCS) is the largest marginal sea in southeast Asia with a maximum depth of over 5000 m. It covers an area from the equator to 23
• N and from 99 • E to 121 • E and joins the Pacific Ocean through the Luzon Strait (also known as the Bashi Strait or Bashi Channel), which lies between the islands of Taiwan and Luzon. The SCS is considered an oligotrophic ecosystem with minimal N and P content in the euphotic layer (Chen et al. 2004; Hong et al. 2011a ). Our previous studies on the diversity and distribution of anammox bacteria, conducted via clone library construction, indicated that diverse Ca. Scalindua anammox bacteria were present in deepsea subsurface sediments of the SCS (Hong et al. 2011a) . However, detailed studies on the diversity and composition of anammox bacteria in the SCS using high-throughput sequencing techniques are scarce. In the current study, 21 representative surface sediments in the SCS obtained during three cruises were combined to analyze the diversity and community composition of anammox bacteria using high-throughput sequencing techniques with an intent to evaluate the abundance of anammox bacteria via qPCR of the 16S rRNA and hzsB genes. The relationship between the abundance and the diversity of anammox bacteria as well as the physicochemical characteristics of surface sediments were also investigated. This research was intended to achieve a more comprehensive understanding of the ecological distribution of anammox bacteria in deep-sea ecosystems.
MATERIALS AND METHODS

Sample collection and environmental parameters determination
Surface sediment samples (0-5 cm) were collected in triplicate from each site during three cruises in the SCS on the R/V Shiyan 3 in May 2014, October 2015 and October 2016. Details of the sampling sites are presented in Fig. 1 and Table S1 . Sediment samples were transferred into sterile plastic bags, sealed, and stored at -20
• C for transportation prior to analysis. Temperature, salinity and in situ seawater depth were continuously recorded using a conductivity-temperature-depth (CTD) device (Sea-Bird SBE-911 Plus V2). Sediment pore-water was extracted via centrifugation for 15 min at 3500 rpm. Pore-water pH was measured with a pH analyzer (Mettler Toledo S220, Greifensee, Switzerland). Dissolved inorganic nitrogen (DIN; NH 4 + , NO 2 − and NO 3 − ) of porewater were determined via the spectrophotometric detection methods described by Wu et al. (2016) and Guan et al. (2017) .
DNA extraction and PCR amplification
Approximately 0.3 g of sediment from each sample was used for total genomic DNA extraction using the Power Soil DNA Isolation Kit (MO BIO Laboratories, Inc./Qiagen, Carlsbad, CA, USA) according to the manufacturer's instructions. Qualities of the extracted DNA were checked by spectrophotometric analysis using a NanoDrop Lite (Thermo Fisher Scientific, Wilmington, DE, USA) then electrophoresis was performed on a 1.0% agarose gel. Anammox bacteria were targeted by applying barcoding primers A438f (5 -XXXXXXXX-GTCRGGAGTTADGAAATG-3 ) and A684r (5 -ACCAGAAGTTCCACTCTC-3 ), which covered a finer-scale assessment of the community structure of anammox bacteria from a wide range of ecological niches (Han & Gu, 2013; Humbert et al. 2012; (Table S2 ). The amplified products were verified by electrophoresis on a 1.0% agarose gel and subsequently purified using a MiniBEST agarose gel DNA extraction kit (TaKaRa, Beijing, China) before undergoing high-throughput sequencing. Finally, the library was sequenced on an Illumina HiSeq platform, generating 150 bp paired-end reads.
High-throughput sequencing analysis
High-throughput sequence processing was conducted using Mothur software v.1.35.1 following the standard protocol described previously (Schloss et al. 2009; Wu et al. 2018) . A detailed description of the Mothur software procedure is provided in the Supplementary Information. In brief, valid raw data was obtained after removing barcode sequences, binning, denoising, and trimming sequences. The quality-trimmed sequences were aligned to the newly developed anammox 16S rRNA gene databases (Jiao et al. 2018) . The chimeric sequences were identified and removed using Chimera-uchime. Highquality anammox bacterial sequences were used to generate a distance matrix and cluster with the average neighbor algorithm. Representative sequences for each operational taxonomic unit (OTU) as defined by 97% sequence identity were obtained for further diversity analyses (Zhao et al. 2013) . Mothur was also used to generate rarefaction curves for the observed OTUs and to determine the species richness Chao1 estimator and diversity indices. Phylogenetic analysis of the representative anammox bacterial 16S rRNA gene sequences from each dominant OTU (top 25 OTUs, covering 78% of the sequences) was conducted using MEGA7.0, EvolView software (He et al. 2016) and OmicShare tools (http://www.omicshare.com/tools). A heat map was constructed in accordance with the abundance of dominant OTUs using Microsoft Excel. The raw Illumina reads of 16S rRNA gene sequences of anammox bacteria have been deposited in the short-read archive under the accession number SRP150853 (NIH, Bethesda, MD, USA).
qPCR of anammox-specific 16S rRNA and hzsB genes
In order to quantify anammox bacteria in surface sediments from the SCS, qPCR assays were performed on a LightCycler R 480 II Real-Time PCR system (Roche, Basel, Switzerland) using SYBR R Green as a fluorescent dye (Promega, Madison, WI, USA). Primer sets A438f/A684r targeting the 16S rRNA gene (5 -GTCRGGAGTTADGAAATG-3 /5 -ACCAGAAGTTCCACTCTC-3 ) and HSBeta396F/HSBeta742R (5 -ARGGHTGGGGHAGYTGGAAG-3 /5 -GTYCCHACRTCATGVGTCTG-3 ) targeting the hzsB gene of anammox bacteria were applied . Each reaction was performed in a total volume of 15 μL containing 7. (Table S2) . Plasmids carrying targeted gene fragments were extracted from Escherichia coli DH5α hosts using a Plasmid Purification Kit (TaKaRa, Beijing, China). The 10-fold serially diluted linear plasmid DNA with a known copy number was subjected to real-time PCR in triplicate to generate an external standard curve. Specificity of the amplified products was confirmed by the presence of a single melting peak and a unique band of the expected size on a 1.0% agarose gel stained with ethidium bromide. Results with efficiency and correlation coefficients above 90% and 0.99, respectively, were employed in this study.
Statistical analysis
The relationship between diversity and abundance of anammox bacteria as well as different environmental factors were examined via Pearson correlation analysis using R software (version 3.3.3). Redundancy analysis (RDA) was performed using Canoco 5.0 software. Matlab (version R2016a) and Sigmaplot (12.5) software were used for graphics.
RESULTS AND DISCUSSION
Abundance of anammox bacteria
A qPCR-based analysis of anammox 16S rRNA and hzsB genes successfully detected and quantified anammox bacteria in all selected samples from three independent cruises. The abundance of anammox bacteria ranged from 4.34 × 10 5 to 3.91 × 10 7 (anammox 16S rRNA gene) and 1.62 × 10 5 to 1.63 × 10 8 (hzsB gene) copies per gram (Fig. 2 ), which were within the ranges reported in the SCS (Li et al. 2013a ) and the North Sea (Bale et al. 2014) , but lower than those in the Pearl River Estuary (Wang et al. 2012) , Dianchi Lake (Yang et al. 2017) , upland soil (Zhu et al. 2018 ) and constructed wetland . The presence of anammox bacteria was confirmed in the current study by the positive correlation between the hzsB and anammox 16S rRNA genes (r = 0.59, P < 0.01, n = 21). In line with the results in acidic red soils, the hzsB gene was slightly more abundant than the 16S rRNA gene of anammox bacteria in surface sediments, as reflected in the hzsB / anammox 16S rRNA gene ratio of 2.21 . The high availability of N and organic matter from anthropogenic activity or pollution was strongly related to the abundance of anammox bacteria (Gao et al. 2018 
Diversity of anammox bacteria
A total of 0.21 million anammox raw sequences (10 000 sequences per sample) were run for the purpose of denoising and trimming sequences. About 8000 reads per sample of anammox 16S rRNA gene sequences were filtered as high-quality reads for further analysis (Table S3 ). The samples generated˜324 OTUs (157 OTUs per sample) for the anammox 16S rRNA gene, with a Good's coverage of 0.99 at 97% similarity (Table S3 ). These results suggested that the OTUs of each anammox bacterial library had been captured effectively. ACE and Chao1 diversity estimators for anammox bacteria ranged from 162.60 to 219.98 and 107.73 to 231.46, respectively. The Simpson diversity and Shannon richness ranged from 0.03 to 0.52 and 1.47 to 3.86, respectively. Evenness of anammox bacteria was high, ranging from 0.30 to 0.78, suggesting that the anammox bacterial community was quite even in the marine surface sediment. Rarefaction curves (Fig. 3a) , rank-abundance (Fig. S1 ) and Shannon-Wiener (Fig. S2) for the anammox bacterial 16S rRNA gene at a 97% similarity showed that the highthroughput sequencing provided sufficient bioinformation to investigate the community composition and diversity of anammox bacteria in this study. To the best of our knowledge, the present study reports the highest number of anammox bacterial OTUs, ACE and Chao1 diversity as well as Shannon richness of anammox bacteria in a marine ecosystem compared with previous results. Schmid et al. (2007) reported that the distribution of anammox bacteria in anoxic marine ecosystems was ubiquitous but bacterial diversity was low. However, the diversity of anammox bacteria found in this study was even higher than that reported in freshwater sediment ecosystems (Hu et al. 2012; Yang et al. 2017) .
Community composition and phylogenetic analysis of anammox bacteria
Dominant OTUs in the collected samples with 97% similarity were affiliated with Ca. Scalindua (87.29%), Ca. Brocadia (10.27%) and Ca. Kuenenia (2.44%) (Fig. 3b) . However, in contrast to the global distribution of anammox reported in previous studies (Woebken et al. 2007; Bulow et al. 2010; Gihring et al. 2010; Pitcher et al. 2011; Hong et al. 2011a; Hong et al. 2011b; Li et al. 2013a; Bale et al. 2014; Laura et al. 2014) , high-throughput sequencing of anammox 16S rRNA in this study indicated that Ca. Scalindua remained the dominant genus, but not the exclusive one. Both Ca. Brocadia and Ca. Kuenenia were detected in all selected surface sediments collected during three independent cruises to the SCS. This result was also supported by the successful detection of Ca. Brocadia (4.08%) and Ca. Kuenenia (11.64%) in the deep-sea water columns of the SCS (unpublished data). Almost all dominant OTUs were found in all of the samples, with the exception of K530 (Fig. 3c) . OTU01, closely related to Ca. Scalindua Arabica, was the most abundant member in all samples. Interestingly, the relative abundance of OTU01 in sample K530 was the lowest compared with that of other samples, suggesting that Ca. Scalindua may not be the truly dominant genus (Fig. 3c) . OTU08 was the most abundant member in sample K530 with a value of 7.01 (relative abundance), which was closely related to that of Ca. Brocadia fulgida. Besides, Ca. Brocadia caroliniensis and Ca. Brocadia sapporoensis were also detected in these particular samples. The detailed distribution of each genus in 21 surface sediment samples was also visualized via Circos software (Fig. 4a) . Ca. Scalindua was the dominant genus, whereas Ca. Brocadia and Ca. Kuenenia were also detected in each sample collected from the SCS. More than 82.95% of sequences in K530 were affiliated with the genus Ca. Brocadia. The highest relative abundance of Ca. Kuenenia was observed in sample K10Y8 (13.31%). To date, almost all detected Scalindua-like sequences mostly identified with Ca. Scalindua sorokinii (Kuypers et al. 2005; Schmid et al. 2007 ). However, in addition to Ca. Scalindua sorokinii, Ca. Scalindua brodae, Ca. Scalindua arabica, Ca. Scalindua wagneri and Ca. Scalindua japonica were also detected in the current study (Fig. 4b) .
To the best of our knowledge, the present study is the first to provide evidence of the presence of Ca. Brocadia and Ca. Kuenenia in deep-sea surface sediments, suggesting that the data reported in previous studies were not adequate to assess the presence of anammox bacteria with relatively low abundance in marine ecosystems. The construction of 16S rRNA gene clone libraries and fluorescence in situ hybridization employed to detect the presence of anammox bacteria provide limited data (sequencing only hundreds of 16S rRNA gene fragments per study/sample) for the analysis of diversity and community structure. Thus, information pertaining to rare genera of anammox bacteria was largely unavailable. In parallel with rapid advances in sequencing technology, high-throughput sequencing is increasingly being used to investigate microbial communities in different habitats (Biddle et al. 2008; Qian et al. 2010; Lee et al. 2011; Zhao et al. 2013) . Experimental approaches to microbial ecology have evolved substantially based on advances in sequencing technology (Kozich et al. 2013) . Shen et al. (2017) found that high-throughput sequencing may provide more comprehensive insights into communities of anammox bacteria and enable the detection of anammox species with low abundance.
The anammox-specific 16S rRNA gene in samples from different habitats was also used to align our OTUs for phylogenetic purposes; the results showed that these OTUs may be divided into three clades (Fig. S5) . Within the clades related to Ca. Scalindua, the OTUs were found to be closely affiliated with other environmental sequences retrieved from paddy soil (JF965475, JF965466, JF965471, JF965468 and JF965470), oxygen minimum zones (MG596615), estuaries (KU990239) and marginal sediments (JQ309024 and KM266352). The OTUs obtained for Ca. Brocadia shared a high similarity with other environmental sequences retrieved from acidic red soil (SRP140525), terrestrial aquatic ecosystems (KC454583), estuarine sediments (KU217669 and KU989802), coastal wetlands (KY234063) and the seawater of the SCS (unpublished data). The closest matches for OTUs related to Ca. kuenenia were from sequences retrieved from mangrove sediments (MF317698), estuarine sediments (HM209497) and the seawater of the SCS (unpublished data). Thus, the current study could not determine genus-specific habitats for anammox bacteria as freshwater anammox bacteria (Ca. Brocadia and Ca. Kuenenia) were also detected in deep-sea environments.
Ca. Scalindua is expected to have a higher tolerance to salinity in order to dominate the marine ecosystems. Ca. Brocadia and Ca. Kuenenia were hypothesized to be freshwater anammox bacteria, because these two genera are usually associated with wastewater treatment systems, freshwater, or terrestrial environments (Jetten et al. 2003; Hu et al. 2012; Oshiki et al. 2016) . However, the presence of Ca. Brocadia and Ca. Kuenenia was ascertained in the current study by OTU-based taxonomic classification (Figs 3b,c and 4) , possibly suggesting the adaptive capacity of Ca. Brocadia and Ca. Kuenenia under conditions of higher salinity. Kartal et al. (2006) found that Ca. Kuenenia gradually adapts to conditions of high salinity, becoming dominant in a newly developed high salinity anammox reactor, supplanting the potential shift to a population of Ca. Scalindua. Previous studies also indicated that Ca. Brocadia possessed a diverse metabolism (Gori et al. 2011) and greater adaptability to terrestrial soils than other anammox genera (Shen et al. 2013) . Dang et al. (2010) suggested that Ca. Brocadia and Ca. Kuenenia may exist either autochthonously (originating in coastal environments) or allochthonously (transported to coastal environments through river runoff and wastewater effluents). In addition, both Ca. Brocadia and Ca. Kuenenia were also detected in estuarine surface sediments with salinity >15 psu (Wang et al. 2012; Han & Gu, 2015; Wang et al. 2015) . Thus, the evidence pertaining to biogeographical and physiological properties indicate that anammox bacteria may exhibit a diverse distribution in marine environments.
Effect of physicochemical characteristics on diversity, community composition and abundance of anammox bacteria
Physicochemical characteristics of surface sediments are presented in Table S1 . Water depth in the sampling sites ranged from 14.00 to 2980.00 m. The water temperature varied from 1.58
• C to 25.36 (Fig. 3c and Fig. S3 ). Samples from deep-sea surface sediments (K551, K552 and K554) were distinct from the others. Pearson correlation analysis and RDA were used to investigate the relationship between diversity and abundance, as well as the community composition of anammox bacteria and the physicochemical characteristics of surface sediments (Fig. 5, Fig. S4 and Table S4 ). Results showed that sampling depth and water temperature were the two key physicochemical characteristics affecting the abundance and diversity of anammox bacteria in deep-sea sediments in the SCS. Sampling depth positively correlated with anammox abundance of the 16S rRNA (coefficient = 0.59, P = 0.01) and hzsB genes (coefficient = 0.50, P = 0.02) and the Simpson index (coefficient = 0.68, P < 0.01), but negatively correlated with water temperature (coefficient = -0.89, P < 0.01), Shannon index (coefficient = -0.68, P < 0.01) and Evenness index (coefficient = -0.66, P < 0.01). Water temperature showed positive correlation with Shannon (coefficient = 0.63, P < 0.01) and Evenness indices (coefficient = 0.60, P < 0.01) and a negative relationship to anammox abundance of the 16S rRNA (coefficient = -0.54, P = 0.01) and hzsB genes (coefficient = -0.50, P = 0.02). In addition, anammox abundance positively correlated with the Simpson index (coefficient = -0.64, P < 0.01 / coefficient = 0.50, P = 0.02) and negatively correlated with Shannon (coefficient = -0.73, P < 0.01 / coefficient = -0.58, P = 0.01) and Evenness indices (coefficient = -0.71, P < 0.01 / coefficient = -0.57, P = 0.01). The lower diversity and higher abundance of anammox bacteria in deeper sediments in the SCS may be due to the extreme environmental conditions associated with low temperature and high pressure, which are quite different from those of terrestrial and coastal ecosystems. A higher abundance of Ca. Scalindua was found in deeper surface sediments, suggesting that low temperature conditions may favor the growth of Ca. Scalindua (Oshiki et al. 2016) . As revealed by RDA analysis, the first two RDA axes explained 41.69% of the cumulative variance of the anammox bacterium-environment relationship (Fig. S5 ). Depth and water temperature were shown to have significant influences on the anammox community in deep-sea sediments in the SCS. Water depth, which is known to be an important factor positively correlated with anammox abundance, also strongly affects the distribution of anammox bacteria in other marginal seas (Trimmer & Nicholls, 2009; Li et al. 2013b; Shao et al. 2014) . Lower carbon mineralization rates at deeper depths was proposed as an explanation (Shao et al. 2014) . In addition, water temperature may be another key parameter which determines the distribution of anammox bacteria. The optimum temperature for anammox bacteria is lower than that for denitrifiers. Thus, colder temperature favors the anammox process. Other than depth and water temperature, dissolved oxygen (DO) (Hamasaki et al. 2018) , total organic carbon (TOC) (Yin et al. 2015) and pH (Li et al. 2013a ) also appear to be significant physiological traits that determined the geographical distribution of anammox bacteria in previous studies. Further investigation is necessary to obtain a better understanding of the relationship between anammox bacteria and the hydrochemical characteristics of surface sediments.
CONCLUSIONS
Our results indicated that Ca. Scalindua was not the exclusive anammox bacteria genus in deep-sea ecosystems. Both Ca. Brocadia and Ca. Kuenenia were widely distributed in deep-sea surface sediment samples obtained during three cruises to the SCS. qPCR analysis of 16S rRNA and hzsB genes further confirmed that the abundance of anammox bacteria ranged from 4.34 × 10 5 to 3.91 × 10 7 and 1.62 × 10 5 to 1.63 × 10 8 copies per gram , respectively. Sampling depth and water temperature were the key factors affecting the distribution, abundance and diversity of anammox bacteria in deep-sea sediments. A more thorough understanding of the ecological distribution of anammox bacteria was achieved via deeper analysis of samples from the SCS. Using high-throughput sequencing techniques, this study provides information on the wider distribution of diverse anammox bacteria in deep-sea environments in a vastly more comprehensive manner compared to studies conducted previously.
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